A major limitation of embryo epigenotyping by chromatin immunoprecipitation analysis is the reduced amount of sample available from an embryo biopsy. We developed an in vitro system to expand trophectoderm cells from an embryo biopsy to overcome this limitation. This work analyzes whether expanded trophectoderm (EX) is representative of the trophectoderm (TE) methylation or adaptation to culture has altered its epigenome. We took a small biopsy from the trophectoderm (30-40 cells) of in vitro produced bovine-hatched blastocysts and cultured it on fibronectin-treated plates until we obtained ∼4 × 10 4 cells. The rest of the embryo was allowed to recover its spherical shape and, subsequently, TE and inner cell mass were separated. We examined whether there were DNA methylation differences between TE and EX of three bovine embryos using whole-genome bisulfite sequencing. As a consequence of adaptation to culture, global methylation, including transposable elements, was higher in EX, with 5.3% of quantified regions showing significant methylation differences between TE and EX. Analysis of individual embryos indicated that TE methylation is more similar to its EX counterpart than to TE from other embryos. Interestingly, these similarly methylated regions are enriched in CpG islands, promoters and transcription units near genes involved in biological processes important for embryo development. Our results indicate that EX is representative of the embryo in terms of DNA methylation, thus providing an informative proxy for embryo epigenotyping.
Introduction
Assisted reproductive technologies (ART) are widely used in animal breeder programs to obtain more and better food products. Recent studies have indicated that ART can induce epigenetic alterations that can have significant effects on the prenatal and postnatal phenotype of domestic animals, with potential long-term consequences to animal production, health, and welfare [1] . Moreover, some environmental exposures experienced during the lifetime could, via epigenetic mechanisms, affect animal production and reproduction traits for subsequent generations, although how extensive such inter-or transgenerational effects are remains to be determined [2] . It would be useful to conduct epigenetic diagnosis at the blastocyst stage, thus allowing the transfer of the highest quality embryos in ART, diagnosing epigenetic alterations present that could have a short-term effect on implantation and fetal development (e.g., large offspring syndrome [3] ), and probably it will be useful in the future in breeding programs [4] [5] [6] ; however, the number of cells necessary for such analyses remains one of the main challenges.
It has been reported that the DNA isolated from a single biopsied cell or several cells is sufficient for whole-genome amplification (WGA) of a preimplantation embryo [7] . However, genotyping errors appear when less than 30-40 cells are subject to WGA [1] . For epigenetic analysis using chromatin immunoprecipitation (ChIP), recent improvements to protocols have greatly reduced the minimum amount of sample needed for successful ChIP analysis to as low as a few hundred cells, which still makes it impossible to use an embryonic biopsy for such analysis. We have recently developed an in vitro system to expand trophectoderm cells from an embryo biopsy in an attempt to overcome this limitation [8] . However, the protocol requires in vitro culture (IVC) of the biopsy for several days, during which time epigenetic information, such as DNA methylation, could diverge from that of the original biopsied cells. Here, we test this by genome-wide bisulfite sequencing of trophectoderm and cultured biopsies from the same single embryos to establish whether the technique is informative for epigenetic analysis of embryos before their transfer.
Materials and methods

In vitro embryo production
All chemicals were purchased from Sigma unless otherwise indicated. Bovine oocytes were in vitro fertilized and cultured as described elsewhere [9] . Briefly, immature cumulus oocyte complexes (COCs) were recovered by aspirating follicles from ovaries obtained from a slaughterhouse. Good-quality COCs were in vitro matured for 24 h in TCM-199 supplemented with 10% fetal calf serum (FCS) and 10 ng/mL epidermal growth factor (EGF, Peprotech) and then fertilized with frozen-thawed bull sperm separated through a BoviPure (Nidacon) gradient at a final concentration of 10 6 spermatozoa/mL.
Both in vitro maturation and in vitro fertilization (IVF) were carried out at 38.5
• C under an atmosphere of 5% CO 2 in air with maximum humidity. After 20 h post-IVF, remaining cumulus cells were removed by vortexing, and presumptive zygotes were cultured in synthetic oviduct fluid (SOF) supplemented with 5% FCS until blastocysts hatched from zona pellucida (day 8-10). IVC was carried out under mineral oil at 38.5
• C under an atmosphere of 5% CO 2 and 5% O 2 in air with maximum humidity.
Biopsy procedure and expanded trophectoderm culture
Biopsies were carried out as described previously [8] of culture), it was mechanically detached from the plate and snap frozen for further analysis. To know the number of cells obtained, we used some extra embryos to obtain the EX, and the cell numbers were counted after trypsinization using a Neubauer chamber. Each biopsied embryo, comprising the inner cell mass (ICM) with the rest of the TE, was returned to SOF droplets (as described for IVC) until it recovered its spherical shape (2-6 h). Trophectoderm was then cut apart from ICM, snap frozen and kept at -80
• C for further analysis.
Bisulfite sequencing and mapping
Trophectoderm and EX from three biopsied embryos were selected for whole-genome bisulfite sequencing, using an adaptation of the postbisulfite adapter tagging (PBAT) method [10] , as modified by Smallwood et al. [11] . Briefly, an individual blastocyst was lysed for 1 h in 1% sodium dodecyl sulfate (SDS) with proteinase100 μg/ml K and treated with bisulfite reagent using the Imprint DNA modification kit (Sigma, MOD50). DNA was eluted in elution buffer (10 mM Tris-Cl, pH 8.5) buffer and one round of first strand synthesis was performed using a biotinylated oligo
Samples were further treated with Exonuclease I, washed and eluted in 10 mM Tris-Cl, and incubated with washed M-280 Streptavidin Dynabeads (Life Technologies) to pull down the biotinylated fraction of DNA. Second strand synthesis was performed using oligo 2 (5 -TGCTGAACCGCTCTTCCGATCTNNNNNNNNN-3 ), and samples were amplified for 15 polymerase chain reaction (PCR) cycles using indexed iPCRTag reverse primer with KAPA HiFi HotStart DNAPolymerase (KAPA Biosystems) and purified using 0.8 × Agencourt Ampure XP beads (Beckman Coulter). Libraries were assessed for quality and quantity using High-Sensitivity DNA chips on the Agilent Bioanalyzer, and the KAPA Library Quantification Kit for Illumina (KAPA Biosystems). Three libraries generated from individual blastocysts for each experimental condition were prepared for 100 bp single-end sequencing on Illumina HiSeq 1000 and sequenced at three samples per lane. 
Methylation analysis
For the unbiased analysis, tiles were defined in SeqMonk (v.0.35.0) (http://www.bioinformatics.babraham.ac.uk/projects/seqmonk/) using the read position tile generator tool and selecting 1 read count per position and 100 valid positions per window, in all the six individual data sets. Then, the bisulphite quantitation pipeline was run over existing tiles, 1 minimum count to include position and 20 minimum observations to include feature. To remove tiles without data, a filter on values for individual tiles was applied, where values had to be between 0 and 100 for exactly 6 of the 6 selected data stores. Then, tiles with data for all the samples were obtained (N = 386 394 tiles). Bisulphite quantitation pipeline was run again over the new tiles, and data were normalized by the match distribution quantile normalization tool. Positions of most of the genome feature annotations were already available within SeqMonk software. Imprinted gene annotations were took from Chen et al. [12] ; transposable elements information was extracted from http://www.repeatmasker.org/species/bosTau.html. For comparison of global methylation of TE and EX, we analyzed merged information of methylation calls from the three biological replicates of either TE or EX. In order to determinate the list of differentially methylated regions (DMRs) between TE and EX groups, quantified tiles in each sample were filtered to require a consistent 5% change between the three replicates of the TE and EX condition, and then replicate sets statistics were applied where every comparison had a significance below 0.05 after Benjamini-Hochberg correction. The 5% threshold was selected because half of the tiles had <20% methylation, so an absolute difference of 5% was considered to be able to have a large effect at the lower end of the methylation range.
To determine similarly methylated regions (SMRs) between TE and EX of each embryo, we filtered, from the 386 394 tiles extracted, those that were not included in the list of DMRs after the comparisons of TE and EX of the grouped embryos. Then, we selected the common tiles in the three pairwise comparisons of every blastocyst and obtained 30 966 SMRs. Gene ontology analysis over these 30 966 SMRs was performed using the PANTHER gene list analysis tool.
Results
In vitro expanded trophectoderm biopsy
We followed a previously described protocol [8] with the only difference that to increase the efficiency of the biopsy proliferation in vitro, we used a simplified culture medium (see Materials and Methods). This new protocol needs less culture time (4 days vs 10 days IVC), it does not use mouse conditioned media (whose composition may vary between replicates), and increases the percentage of biopsies that survive and develop in vitro until EX (87.5% vs 50% of the biopsied cells were shown to proliferate to EX). Eight bovine blastocysts at day 8 were biopsied and seven of these biopsies were able to grow in vitro and produced EX after 4-5 days of culture yielding about 4 × 10 4 cells.
Genome-wide DNA methylation of the expanded trophectoderm is affected by the in vitro culture system
Whole-genome DNA methylation profiles on individual TE and EX of bovine blastocysts were generated by a low-cell adaptation of the PBAT method [10, 13] . Expanded trophectoderm and TE from three bovine blastocysts were analyzed. The number of unique alignments in the samples ranged from 14 809 069 to 44 021 689 and the coverage of CpGs (≥1 read) from 41.56% to 72.86% (Supplementary Table S1 ). A general view of the methylation profiles of the six samples is shown in Figure 1A , and the distribution of methylation levels in tiles of 100 CpGs across the genome in the combined TE and EX samples is shown in Figure 1B . There is a generally low level of methylation, with few 100 CpG tiles having a methylation level >60% (Figure 1B) , similar to that observed in other mammals at the blastocyst stage [14] . Strikingly, the methylation landscape was divided between domains of hyper-and hypomethylation, with methylated regions corresponding mostly to annotated genes, as has been noted previously in oocytes and extraembryonic tissues in a number of mammals, and this pattern was consistent between the individual samples. Methylation of the gene body (the genomic region from transcription start site-TSS-of a gene to its transcription end site-TES) was higher than that of the adjacent intergenic regions, and there is a markedly hypomethylated region around the TSS, similar to patterns observed in other embryo cells [14] . The methylation level of the gene body was relatively even, with an increase (slight for TE and more pronounced for EX) from the TSS to the TES and a clear reduction after the TES ( Figure 1C) . The global methylation percentages of CpGs were 21.53 ± 1.31 and 32.01 ± 2.15 for the TE and EX groups, respectively, and this increase in methylation was observed overall genomic features, including all transposable elements, in the EX samples ( Figure 1D and E). The degree of relatedness of methylation between samples (using 100 CpG tiles as unit of analysis) indicated similarity between the three TE samples and the three EX samples ( Figure 1F ). The correlation between methylated regions over genome (using 100 CpG tiles as unit of analysis) was higher between the EX samples (varying between 0.860 and 0.869) than between the TEs samples (varying between 0.625 and 0.720) ( Figure 1G ).
Key features of differentially methylated regions and similarly methylated regions between bovine trophectoderm and expanded trophectoderm
Because of the relatively low level of global methylation and the relatively low sequence coverage, in order to obtain an unbiased measure of differences in genome methylation between samples, a fixed size of 100 CpGs was used for analysis. A total of 100 CpGs tiles were deemed informative if they contained a minimum of 20 reads in all samples, as a result of which 386 394 tiles were extracted and quantile normalized. Differences between the TE and EX of each set of embryos were observed at fewer than 20 410 DMRs having a 5% consistent and significant difference for the three embryos. As explained in Material and Methods, this 5% difference was considered an appropriate threshold for this type of samples because almost half of all tiles had <20% methylation. The similarities between the TE and EX of each individual embryo (sites that can differ between embryos but are similar between TE and EX from the same embryo) were 30 966 SMRs.
Then, we evaluated the enrichment for specific features in DMRs and SMRs (Figure 2A-C) . For the DMRs, there was a lower proportion of CpG islands and promoters compared to the global average (P < 0.05), and for the SMRs, there was a higher proportion of CpG islands, promoters, and transcript units (TU) compared to the global average (P < 0.01) (Figure 2A) indicating that for these regions, methylation is conserved between the TE and EX of each embryo (Figure 3) . No enrichment was found in intergenic, or low complex regions, or over imprinted loci. When we analyzed the enrichment in transposable elements, we found for the DMRs there was a lower proportion of transposable elements of the endogenous retrovirus (ERV) family (P < 0.05), but the principal differences were found for SMRs where the majority of elements were relatively depleted (P < 0.01) (Figure 2B ), indicating that these regions are most subject to changes in methylation during IVC. Analysis of the correlation between methylation over total SMRs, over CpG islands of SMRs, and over promoter regions of SMR in TE and EX showed a higher correlation between each TE and their respective EX ( Figures 2D-F  and 4 ) of each embryo analyzed.
Gene ontology analysis of the 6856 common CpG sites overlapping promoters present in SMRs between individual TE and EX from the same embryo revealed enrichment of genes related to cellular component biogenesis and organization, transcription from RNA polymerase II promoter, RNA metabolic process and processing, organelle organization, etc. (Supplementary Table S2 ). However, analysis of the 749 probes overlapping gene promoters present in DMRs between TE and EX indicated that there was no enrichment of genes for any biological or molecular function, indicating a random distribution of gene categorization.
Discussion
The time of maximal epigenetic plasticity appears to be during early embryo development, when epigenetic reprogramming takes place [15] . This is thought to be necessary to reset the epigenetic status of the differentiated gametic genomes into a totipotent embryonic state to allow for embryo gene expression and to reinitiate the developmental program of the new individual. During this period, the mammalian epigenome is dynamically remodeled, including drastic, genome-wide changes in DNA methylation and histone modifications [15] . Epigenetic reprogramming is thought to be vulnerable to changes in environmental conditions such as those applied in ART in mammals [16, 17] . Trophectoderm is the first cell lineage to differentiate during mammalian development. It mediates implantation and produces most of the extraembryonic tissues [18] . Epigenetic alterations in the trophectoderm can affect trophoblastic invasion (essential for proper future function of the placenta and fetal development), implantation, epigenetic regulation of imprinted and nonimprinted genes and/or cause alterations to trophoblast differentiation and placenta growth and, as a consequence, predispose to disease or induce phenotypic alterations.
We have developed a method [8] to obtain a trophectoderm biopsy from a bovine embryo, without compromising its viability, which allows us to obtain a number of trophectoderm cells suitable for determining the epigenetic profile of preimplantation embryos, before the embryo is transferred. This allows for diagnosing epigenetic alterations present that could have a short-term effect on implantation and fetal development, or long-term effects on the health of the adult and in the phenotypic expression of animal production characters. Our method to expand TE cells in vitro from an embryo biopsy will allow us to circumvent the limitations inherent in using a small number of cells for embryonic epigenotyping. This method will allow us to develop strategies both to mitigate adverse effects of ART in embryos and to evaluate epigenetic merit for animal selection [5, 6] . Here, we analyzed if the pattern of DNA methylation is conserved after IVC, and therefore if the technique is informative for the epigenetic analysis of the embryos before their transfer. We performed genome-wide bisulfite sequencing to analyze the DNA methylation of the bovine embryo trophectoderm (TE), as well as the DNA methylation of an IVC of a biopsy of that trophectoderm (EX). We find that the culture of TE produces a global increase in methylation; however, this change is globally only 5.3% in magnitude, and CpG islands and promoters are less affected than the global average (P < 0.05). Analysis of individual embryos indicated that TE methylation is more similar to its EX counterpart than to EX from the other embryos, and SMRs are enriched in CpG islands, promoters, and transcription units near genes involved in biological processes important for embryo development, indicating that EX is representative of the embryo in terms of methylation, so it is suitable for embryo epigenotyping. These results also indicated a high variability in methylation between bovine embryos produced in vitro. In agreement with our results, it has been reported a high level of variation in average methylation between replicates in bovine blastocysts [19, 20] . It has been suggested that an important component of early embryo adaptive response to environment is the random variability that exists between embryos [21] , and differences in methylation between embryos could be related with this variability. Moreover, some of the methylation variation between embryos could be determined by local genetic variants. In addition, IVC produces alterations to DNA methylation and increase variability between embryos [22, 23] . The experiments presented were conducted on three embryos and paired explants. Larger numbers of embryos may need to be analyzed to determine how factors such as genetic variation contribute to differences in methylation between embryos.
In this manuscript, we analyzed DNA methylation but not histone modifications; however, DNA methylation does not function in isolation, and there is a complex relationship between DNA methylation and histone modifications [24] . During preimplantation development, there is global demethylation and remodeling of histone modification; however, some histones could maintain some epigenetic signal. For example, DNA methylation of some epigenetic alleles produced by insertion of IAP retrotransposon sequences near the promoters of genes (agouti viable yellow allele and Axin-fused allele) inherited from the oocyte is lost in preimplantation embryos, arguing that DNA methylation is not the only mediator of intergenerational epigenetic in heritance [25, 26] . Moreover, ART procedures may produce changes in histone modifications [26] [27] [28] [29] [30] . Histone modifications play a critical role in establishing a totipotent embryo, as well as directing the first lineage decisions, they are also important for epigenetic inheritance [31] , and are sensitive to environmental changes; however, the very small numbers of cells of an embryo biopsy precludes their analysis with any quantitative confidence with current methods. With the in vitro system that we have developed to expand trophectoderm cells from an embryo biopsy, we can overcome this limitation, and open new opportunities for the analysis of the epigenome of an embryo before it is transferred.
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